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ANAIYTICAL INVESTIGATTON OF THE RADTATOR AREA
CHARACTERTSTTCS OF OUT-OF-PILE THERMIONIC
GAS CYCLE SPACE POWER SYSTEMS
by Michael R. Vanco and Arthur J. Glassman

Lewis Research Center

SUMMARY

The radiator area potential of out-of-pile thermionic space power systems
using an inert gas as the heat-transfer medium was assessed by studying the
radiator area characteristics of three typical cycles and comparing the mini-
mum radistor area requirements with those for a turboelectric Brayton cycle.
The three cycles considered were the Split Radiator, the Two Loop, and the
Turbineless cycles. This study was primarily a thermodynamic cycle analysis,
with thermionic converter efficiency being treated both parametrically and
through the use of experimental data.

On the basis of this thermodynamic analysis, no significant difference in
radiator area requirements was found among the three out-of-pile thermionic
gas cycles. A comparison of radiator area requirements for one of these cycles
with those for a turboelectric Brayton cycle showed that either high converter
efficiencies or high converter inlet temperatures are necessary if an out-of-
pile thermionic gas cycle is to have any radiator area advantage over the
Brayton cycle. Converter efficiencies greater than about 0.3 of Carnot or
converter inlet temperatures greater than 3500° R are required to make the
out-of-pile thermionic gas cycle appear attractive.

INTRODUCTION

The electric rocket is one of the propulsion systems considered for
interplanetary space missions. Power levels for electric rockets will range
from several hundred kilowatts for unmanned probes to many megawatts for manned
expeditions. Electric propulsion systems will require powerplants that have
low specific weights (powerplant weight/power output) because the electric
rocket's potential advantage over other modes of propulsion increases as power-
plant specific weight decreases (ref. 1). At the power levels of interest for
interplanetary missions, the major obstacle to the achievement of low specific
welght is the large radiator required for the powerplant.

The necessary quantities of electric power can be generated either indi-
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rectly (turboelectric cycle) or directly from the system heat supply. One
of the direct energy-conversion methods under consideration is the therm-
ionic conversion system (refs. 1 to 3). Thermionic conversion systems

have the potential for operating with higher temperature levels than turbo-
electric systems can and, thereby, may be able to achieve a considerable re-

duction in radiator size (refs. 2 and 3).

Recently, there has been renewed interest in space power systems using
gaseous fluids. The noncorrosive, nonerosive character of inert gases gives
such systems the potential of being extremely reliable. An analytical study
(ref. 2) of radiator area requirements for thermionic gas cycle systems as well
as Brayton cycle systems has indicated that the in-pile (diodes in reactor)
system requires the smallest radiator. An out-of-pile (diodes in radiator or
heat exchanger) system, however, appears to represent a more easily achievable
system because of the location of the diodes away from the reactor core.

In view of a possible interest in out-of-pile thermionic gas systems for
space power applications, an analytical investigation was conducted in order
to supplement a previous study (ref. 2) and better assess the radiator area
potential of these systems. This was accomplished by studying the radiator
area characteristics of three typical out-of-pile systems and comparing mini-
mum radiator requirements with those for a turboelectric Brayton cycle. The
detailed variation of radiator areas as a function of the many variables and
parameters is presented for only one of the cycles studied in order to illus-
trate the pertinent effects, which are similar for all three cycles. The min-
imum radiator area requirements for all three cycles are then presented and
the desired comparisons are made.

SYMBOLS
A radiator area, sq ft
cp specific heat, Btu/(1b)(CR)
D cathode-to-anode temperature difference, °r
B recuperator effectiveness

Ah enthalpy change, Btu/hr

hg radiator gas heat-transfer coefficient, Btu/(hr)(sq £t radiator

area) (°PR)
P electric power output. kw
P absolute pressure, psia v

Qg heat supplied to cathode, Btu/hr

R pressure ratio

S



Stefan-Boltzmann constant, O.173x10~8 Btu/(hr) (sq ft)(ORé)

J

to variable value at point k for

T absolute temperature,

W weight flow, 1b/hr

't specific heat ratio

€ emissivity

0 efficiency

e ratio of gas temperature to cathode temperature

o

¥ ratio of actual to Carnot converter efficiency

Subscripts:

a anode

av average

C compressor

c cathode

cy cycle

g gas

HT high temperature

i ideal

Jk ratio of variable value at point
j, k=1,2, « « «, 9

L loss

LT low temperature

m motor

min minimum

n net

opt optimum

P primary radiator

S secondary radiator



s sink

T turbine

th thermionic converter

tot total -
W wall

I,IT loops I and II, Two Loop cycle

1l to 9 state points defined by fig. 1, 2, or 3

DESCRTPTION OF CYCLES

In order to study out-of-pile thermionic gas cycle radiator area require-
ments, three typical cycles were chosen for the investigation. These three
cycles are designated as (1) the Split Radiator cycle (ref. 2), (2) the Two
Loop cycle, and (3) the Turbineless cycle. Undoubtedly, with some imagination,
other cycles can be conceived; this study, however, is restricted to the three
basic cycles mentioned. A detailed description of each of these cycles fol-
lows. Hybrid cycles (i.e., those producing both thermionic and turboelectric
power) were not considered in this analysis.
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Figure 1. - Split Radiator thermionic gas cycle.
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Split Radiator Cycle

A schematic diagram of the Split Radiator cycle is presented in fig-
ure 1(a), and the corresponding temperature-entropy diagram is presented in
figure 1(b). The hot gas (point 1) from the reactor enters the primary radi-
ator, which contains the thermionic diodes, where it is cooled (to point 2) by
transferring heat to the cathode elements. A portion of this heat is converted
to electricity, and the remainder is transferred to the anodes and rejected to
space by radiation. A simplified representation of the converter is shown in
figure 1(c). Leaving the primary radiator, the gas enters the high tempera-
ture recuperator and is cooled (to point 3) as it transfers heat to the gas
coming from the low temperature recuperator. In the turbine, the gas expands
(to point 4), producing the work required to drive the compressor. The gas
then enters the low temperature recuperator and is cooled (to point 5) by
transferring heat to gas coming from the compressor. Final cooling of the gas
(to point 6) occurs in the secondary radiator. The gas is then compressed (to
point 7), heated (to point 8) in the low temperature recuperator, further
heated (to point 9) in the high temperature recuperator, and finally heated to
its maximum temperature (point 1) in the reactor.



Two Loop Cycle

The Two Loop cycle is shown schematically in figure 2(a) and thermo~-
dynamically in Ffigure 2(b). The hot gas (point 1) from the reactor enters
the heat exchanger, which contains the thermionic diodes, where it is cooled
(to point 2) by transferring heat to the cathode elements. Upon leaving
the heat exchanger, the hot loop gas is compressed (to point 9) and heated
to its maximum temperature (point 1) in the reactor. In the heat exchanger,
a portion of the heat is converted to electricity and the remainder is trans-
ferred to the anode and removed by the cold loop gas. A simplified representa-
tion of this converter is shown in figure 2(c). Leaving the heal exchanger,
the cold loop gas (point 3) expands through the turbine, thus producing the
work required to drive both compressors. The gas (point 4) then enters the
recuperator and is cooled (to point 5) by transferring heat to the gas coming
from the compressor. Final cooling of the gas (to point 6) occurs in the radi-
ator, where the excess heat is rejected to space. The gas is then compressed
(to point 7), heated (to point 8) in the recuperator, and returned to the heat

exchanger.
Turbineless Cycle
A schematic diagram of the Turbineless cycle is presented in Ffigure 3(a),

and the corresponding temperature-entropy diagram is presented in figure 3(b).
The hot gas (point 1) from the reactor enters the radiator, which contains the

Radiator with
1 thermionic
| converters 2
Reactor ]———3 . Compressor
]

{a) Schematic diagram, B Entropy

Temperature
A\

(b) Temperature-entropy diagram,

Figure 3. - Turbineless thermionic gas cycle.

thermionic diodes, where it is cooled (to point 2) by transferring heat to the
cathode elements. A portion of this heat is converted to electricity, and the
remainder is transferred to the anodes and rejected to space by radiation, as
in the Split Radiator cycle. The gas is then compressed (to point 3) and re-
turned to the reactor. A portion of the thermionic converter output is used
to power the compressor motor.

METHOD OF ANALYSIS
This analysis was conducted in two parts. First, a detailed investiga-

tion of radiator area requirements was made for each of the three cycles in
order to determine the pertinent variables and parameters and optimize as many
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of these as possible. The optimized cycles were then compared in order to
determine whether any significant differences exist with respect to radiator
area requirements. For this study, prime area was used as the indicator of
radiator size. A prime area radiator can be defined as a radiator without fins
Prime area is a commonly used and quite an accurate indicator of the relative
size of actual radiators. The Tirst part of the study, hereinafter referred to
as the ideal analysis, was made on the basis of ideal heat transfer in the
thermionic converter (no temperature difference between the gas and the diodes)
and a parametric treatment of converter efficiency in terms of a percentage of
Carnot efficiency.

The second part of the study consisted of a further analysis of one of the
cycles studied in the ideal analysis and a comparison of the radiator area re-
quired for that cycle with the area required for a turboelectric Brayton cycle.
The additional analysis of the selected cycle incorporates the use of experi-
mental thermionic converter efficiencies and a parametric treatment of the
temperature ratio between the gas and the diodes.

Ideal Analysis

The pertinent equations that must be derived for the three cycles being
studied are those for the evaluation of radiator area. In order to compute
radiator area, it is necessary for thermionic converter efficiency, fluid
specific capacity rate (wcp/P), and certain cycle temperatures to be specified
in terms of the cycle variables and parameters. In addition, cycle efficiency
is of general interest for any cycle. Mention has been made of cycle variables
and cycle parameters. For the purposes of this study, the cycle variables are
defined as the ratios of temperatures or pressures that can be varied indepen-
dently in order to optimize the cycle. The cycle parameters are defined as
those quantities that should be as high or as low as possible (e.g., turbo-
machinery efficiency, pressure drop, temperature level) but are subject to
practical limitations (e.g., achievable performance, component size, stress).

The efficiency, capacity rate, and temperature equations for the Split
Radiator, Two Loop, and Turbineless cycles are derived in appendixes A, B,
and C, respectively, for use in the radiator area equations to be derived in
this section. These derivations are made using the following assumptions:

(1) The working fluid is an ideal gas.

(2) There are no heat losses or mechanical losses.

(3) The ratio of actual to Carnot converter efficiency is constant for any
given system.

(4) Gas temperature is equal to diode temperature.
(5) The temperature differences across all metal walls are negligible.

(6) Heat conduction along any tube axis is neglected.



(7) Sink temperature is constant for any given radiator.

(8) For radiator-mounted diodes, the temperature difference between
cathode and anode is constant.

Split Radiator cycle. - There are two radiators in this cycle: the pri-
mary radiator, which contains the thermionic diodes, and the secondary radi-
ator. For any differential element of tube length in the primary radiator, the
heat lost by the gas and not converted to electricity must be egual to the heat
that is radiated to space

-(1 - ng)ve, ATy = oe(TE - ) aap (1)

Substituting ¥D/T, for mny, (egs. (A1) and (A43)), dT, for 4Ty (since
To = Tg), and Tz - D for Tg; yilelds, after rearrangement,

D dT
dTe v ¢ = g& dAp (2)

+
(T - D)4 - & T, [(Tc - D)4 - Tg] wep

Equation (2) can be integrated by the method of partial fractions. Integrating
between the limits of O to Ap and T4 %o Ts and dividing both sides by
P yield

() w2 2 e

P o 4 L T. -+ T - D -T
P € Tg - D 2 4:Tg S 2 S
2 2
1 (l . ¥D ) 1n T; - D+ T4 D ) (Tl - D) + TZ
- L vy B .
4T3 Ty - D) 7 T - D+ T 413(T2 + DB) * (Tp - D)2 + T4

2 To -~ D ™ - D
1 D e 1
+ —_ZTg ( - __TZ " D2> (arctan —T arctan T, ) (3)

S

where wcp/P is obtained from equation (A7).

For any differential element of tube length in the secondary radiator,
the heat transferred from the fluid to the tube wall must equal the heat radi-
ated to space, that is,

hg(T - Ty)dAg = oe(Th - TE)aA, (4a)

Rearrangement of equation (4a) results in

T=Tw+;—;(T€§-T4S“) (4b)



The decrease in fluid sensible heat must also equalAthe heat radiated. Thus,

~we, AT = oe(T; - TS)aAg (5)

Differentiation of eguation (4b), substitution of the differentiated expression
into equation (5), and rearrangement give :

4T3 1
dAq = -we W aT,, (8)

w L
) P hp(TE - Tg) oe (T, - Té)

Integrating equation (6) by the method of partial fractions bebween the limits
of O to Ay and TW’5 to Tw,6 and dividing by P yield

Ag (Wcr> 1 To,5 - T& L [ (Ty,5 - Tg)(Ty,6 + Tg)

- — 1n n - -
P P /| br T%,6 - Tg 4U€Tg (Ty,6 - Ts)(Tw,S + Tg)
T T
- 2(arctan =22 . gpctan —28 (7)
Ty T

where T, is related to T by equation (4b) and wcp/P is obtained from
equation (A7).

Total radiator area for the Split Radiator cycle, therefore, is

Atot P

P TP (8)

o &

Two Loop cycle. - The radiabtor for this cycle is similar in nature to the
secondary radiator in the Split Radiator cycle. Total radiator area for the
Two Loop cycle, consequently, can be computed from equation (7) with the
exception that fluid specific capacity rate for this cycle is equal to
WIICP/P’ which is evaluated from equation (B7).

Turbineless cycle. - The radiator for this cycle is similar in nature to
the primary radiator in the Split Radiator cycle. Total radiator area for the
Turbineless cycle, consequently, can be computed from equation (3) with the
exception that fluilid specific capacity rate for this cycle is equal to wcp/Pn,
which is evaluated from equation (03).

Nonideal Considerations
The nonideal considerations of a gas-to-diode temperature difference and
experimentally determined converter efficiencies were applied only to the Split
Radiator cycle in order to illustrate the effects of these considerations.

Gas~-to-diode temperature difference. - The temperature difference between

9



the gas and the cathode is expressed as the ratio of gas temperature to cathode
temperature

o= 8 (9)
Te
Modificatioﬁ of the Split Radiator cycle analysis to include the effect of this
temperature ratio is as follows. Substituting equation (9) into equation (A3)

and integrating equation (A2b) from Tg =Ty to Tg = Tp show that

. = 6 . ° 10
Nth,i,av (nth:lfav)ideal heat transfer (10)

Making this substitution into equation (A6) shows

¥ep 1 (h) (11)
P e P

ideal heat transfer

The required radiator area for this cycle also is affected by the tempera-
ture ratio 6. Setting dT; = dTy and T = Tg/6 in equation (2) yields

Noop-.r
e T 1 o~ s
é2=<—f)£>(-i>£—-ln;r—l+'——5'<l_ ¥D >1nT
i oc/| 7t - p L T, + D T2 5.0
2] S
E-D+TS (E_D)ZJrTZ
1 YD 6 YD g °
@ UTTE - T T (e . p2) BT >
4Ty S = - D + T S(Ts + D?) (_g _ D> + TZ
(e} [S)
T T
2
1 YD? 5 "D ?l'D
+ = 1 - = 5)|arctan —— - arctan ———— (12)
2T, TS + D s T

where wcp/P is obtained from equation (11). The only change required for the
secondary radiator area, equation (7), is that wc /P be obtained from equa-
tion (11). Tt can be seen from these modifications that setting 6 = 1 re-
duces the equations to those for the case of the ideal analysis.

Experimental converter efficiencies. - Since experimentally-determined
converter efficiencies are available in the published literature, it was felt
that their use would strengthen the analysis and especially the comparison of
thermionic cycle radiator area with Brayton cycle radiator area. Two sources
of experimental data, references 4 and 5, were selected for this analysis.
These data are believed to represent state-of-the-art efficiency levels for
laboratory-scale converters. The experimental data from references 4 and 5 are
presented in the form of efficiency against cathode temperature in figure 4(a)

10
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Figure 4, - Experimental converter performance.,

and cathode-to-anode temperature difference against cathode temperature in
figure 4(b). These data were used in the analysis by first computing average
values for converter efficiency and cathode-to-anode temperature difference
for each cycle operating point and then using the previously derived equations.

RESULTS OF ANALYSIS

To show the complete parametric results of the detailed ideal analyses
Tfor all three cycles studied would result in an excessive and unnecessary
number of curves. In order to show the manner in which the cycle variables
are optimized to yield minimum radiator area and to show the effects of the
design parameters on radiator area, detailed results will be presented for the
Split Radiator cycle. The optimization philosophy and the general effects of
the parameters are similar for the other two cycles of interest. The minimum
radiator areas for all three cycles will then be presented. Finally, the
radiator area comparison with a turboelectric Brayton cycle will be made on
the basis of both the ideal analysis and the nonideal considerations.

The radiator area studies and comparisons were made on the basis of typi-
cal design parameter values for each cycle. The selected design parameter
values were those that are believed to be reasonable and/or represent achiev-
able state-of-the-art capabilities. These parameter values are presented in
the following table:
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Design Parameters

Parameter Cycle value
Split Two Loop Turbine- | Brayton
Radiator less (ref. 6)
Maximum cycle temperature, 2000-4000 2000-4000 | 2000~4000 |2000-4000
T, OR '
Ratio of actual to Carnot 0. 30 0. 30 0.30 |~=m=m=n=m
converter efficiency, V¥
Turbine efficiency, 7 0.85 0.85|-w-mmcmum 0.85
Compressor efficiency, 0.80((0.85, 0.80) 0.85 0. 80
e(ne, Ne,11)
Loss préssure ratio, 0.90(0.95, 0.90) 0.95 0. 90
R(Rr,1, Br,IT)
Effectiveness, E(Epp, Epr) (0.85, 0) Of=ccmemen- 0. 85
Emissivity, € 0. 90 0. 90 0. 90 0. 90
Sink temperature, Tg, °R 400 400 400 400
Motor efficiency, 1, = =  |==c=ccmeelmomcmcaeaeae 0.80|~==mmemmm
Heat-transfer coefficient, hp 50 50| ---m=muu- 50
Specific heat ratic, 7 1.667J 1.8667 1l.667 1.667

In some cases a selected parameter value mgy differ for different cycles be-
cause of different compressor pressure ratios or a different number of pres~
sure drop contributors. Since the pertinent parameters and their significances
differ for the various cycles, it is impossible for any radiator area compari-
son to be on a strictly comparable basis; it is recognized, consequently, that
small or even moderate differences in the computed radiator areas may not be
truly significant.

Split Radiator Cycle

The equations developed for the Split Radiator cycle show that total
radiator area is a function of several design parameters and three independent
variables (see appendix A and METHOD OF ANATYSIS). The manner in which the
cycle variables affect radiator area is discussed first, and then the effects
of the design parameter factors are explored. Ixcept where otherwise indi-
cated, the previously tabulated design parameter values, with the addition of
a converter inlet temperature of 3000° R, were used for the example computa-
tions.

Radiator area is plotted against compressor pressure ratio in figure 5
for both the primary and secondary radiators, as well as for the sum of the
two radiators. Primary radiator area is seen to be independent of pressure
ratio as would be expected since equation (3) shows no pressure ratio depen-
dence. Secondary radiator area decreases sharply with increasing pressure
ratio in the low pressure ratio region but becomes relatively insensitive to
further increases in pressure ratio. Although secondary radiator area passes
through a minimum at a pressure ratio of about 1.6, the minimum is extremely

12
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shallow and radiator area requirements do not change much in the pressure ratio
range of about 1.4 to 2.0. Since primary radiator area is constant, total
radiator area behaves in a manner similar to secondary radiator area.

Total radiator area is plotted against compressor pressure ratio in fig-
ure 6 for several values of the ratio of converter gas exit to gas inlet tem-
perature, hereinafter called converter gas temperature ratio. As can be seen
from this figure, the manner in which radiator area varies with pressure ratio,
except for the magnitude of the area, is similar for all pertinent values of
converter gas temperature ratio and, for all practical purposes, the minimum
radiator area occurs at about the same pressure ratio. This pressure ratio is
hereafter referred to as the optimum pressure ratio, and all further results
are presented at tl.: appropriate optimum pressure ratio for each case. Ixam-
ination of figure 6 also shows that there is an optimum converter gas tempera-
ture ratio, and this optimum temperature ratio does not vary to any signifi-
cant extent with changing pressure ratio. The optimum converter gas tempera-
ture ratio subsequently will be discussed further.

The effect of the ratio of cathode-to-anode temperature difference to con-
verter inlet temperature, hereinafter called diode difference temperature ratio,
on radiator area is presented in figure 7 for the primary and secondary radi-
ators, as well as for the sum of the two radiators. As diode difference tem-
perature ratio increases, primary radiator area, except at the very low end of
the scale, increases and secondary radiator aresa decreases, thus resulting in
a minimum for total radiator area. In the region of minimum total area for
this case, the secondary radiator area is two to three times the primary radi-
ator area.

Total radiator area is plotted against diode difference temperature ratio
in figure 8 for several values of converter gas temperature ratio. Examination
of Tigure 8 shows that for each value of diode difference temperature ratio
there is one value of converter gas temperature ratio that results in a minimum
area and that an envelope curve (dashed curve) drawn around the family of con-

13
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verter gas temperature ratio curves shows a minimum area at some definite
diode difference temperature ratio. Figures 5 to 8, consequently, show that
all three variables can be optimized to yield a minimum radiator area.

The discussion and figures to follow will show how the design parameters
affect both radiator area and the choice of cycle variables for the Split
Radiator cycle. Envelope curves similar to the one shown in figure 8 are
used to represent radiator area. The value of converter gas temperature ratio
that minimizes radiator area at any given diode difference temperature ratio
will be called the optimum converter gas temperature ratio and the loci of
these are shown on the envelope curves. In addition, the optimum pressure
ratios are also shown.

The effects of several of

[ Parameter Parameter Radiator s .
variation area the more pertlngn? de51gn_
reduction, parameters on minimum radiator
From | To | percent ° area are presented in figures 9
Converter inlet tempera- 3000 | 3500 42 to 15. These design param-
ture, Tq 3500 | 4000 38 eters are seen to have very
Ratio of actual to Carnot 0.3 | 0.6 53 significant effects on the
converter efficiency, ¥ .6 1.0 46 requif'ed radistor area. Some
Turbomachinery efficiency, 0.7 | 0.8 47 examples of these effects, as
Ngs T -8 -8 39 obtained from figures 9 to 15,
Loss pressure ratio, Rr, 0.7 0.8 35 are listed in the table at the
-8 -9 40 left. Unless the achievable
Low~temperature-recuperator 0.0 0.5 10 cycle parameters are known
i E . 1.0 . .
| effectiveness, Epp . Z . 29 with some degree of certainty,
High~temperature-recuperator .85 .5 68 . .
effectiveness, Egp =7 o oL thg radiator requirements for
_ this cycle cannot be estab-
Secondary radiator heat- 51| 50 40 1ished.
transfer coefficient, hy 50 o0 12

Over the wide range of
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Figure 12, - Effect of loss pressure ratio on total radiator area
for Split Radiator cycle.

design parameter values considered in this study, the optimum values for com~
pressor pressure ratio, diode difference temperature ratio, and converter gas
temperature ratio at the minimum point were generally in the range of 1.45 to
2.20, 0.35 to 0.45, and 0.78 to 0.82, respectively.

Thermionic Gas Cycle Comparison

The Two Loop and Turbineless cycles were optimized in a manner similar to
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that just shown for the Split Radiator cycle, and it is the purpose of this
section to compare the minimum radiator areas for the three cycles. These
radiator areas were computbted using the previously tabulated cycle parameters.
The radiator area comparison is made on the basis of maximum cycle temperature
and, for those cycles having turbines, also on the basis of turbine inlet tem-
persture since either one of these temperatures may be the limiting condition.
Minimum radiator area is plotted against maximum cycle temperature in fig-

ure 16(a) for all three cycles. It can be seen that for any given maximum
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Figure 16. - Radiator area comparison for thermionic gas cycles.

cycle temperature, the radiator area requirements for the three cycles are
comparable. It must be emphasized that the results of this and all subsequent
comparisons depend upon the design parameter values used. Although the se-
lected parameter values are believed to be reasonable, there exists sufficient
latitude of choice such that the results of any radiator area comparison can
be significantly affected. All comparisons, therefore, must be viewed in the
light of the assumed parameter values.

Minimum radiator area is plotted against turbine inlet temperature in
figure 16(b) for several values of maximum cycle temperature for the Split
Radiator and Two Loop cycles. Although the radiator area requirements for
these two cycles are comparable on the basis of maximum cycle temperature, it
is seen from figure 16(b) that the minimum area for the Split Radiator cycle
is achieved with a turbine inlet temperature several hundred degrees lower
than that required for the Two Loop cycle. The radiator area curves, however,
are relatively flat with respect to turbine inlet temperature, and for any
given turbine inlet temperature, the Two Loop cycle does not require signifi-
cantly more radiator area than does the Split Radiator cycle. On the basis of
these radiator area comparisons, none of the three out-of-pile thermionic gas
cycles appears to be markedly superior to the other two.

Comparison with Brayton Cycle

The radiator area requirements for an optimized Split Radiator cycle will
now be compared to those for an optimized Brayton cycle in order to determine
whether an out-of-pile thermionic gas cycle possesses any radiator area ad-
vantages over a turboelectric gas cycle. Schematic and temperature-entropy
diagrams for the Brayton cycle are presented in figure 17. This comparison is

17



_—“l Turbine '

Reactor

,:‘1 Recuperator
‘FI*_+
,Compressor l‘—-‘ Radiator |

(a) Schematic diagram.

Temperature

Turbine
Recuperator
Recuperator
Com- .
pressor Radiator

Entropy
(b) Temperature-entropy diagram.

Figure 17, - Brayton cycle.

made first on the basis of the previously discussed ideal analysis and then

incorporates the nonideal considerations for the Split Radiator cycle.

Except

where otherwise indicated, the design parameters used for the optimized cycles

are those that were previously tabulated.

The design parameters and radiator

areas for the optimized Brayton cycle were obtained from reference 6, where
radiator area was computed on a basis similar to that used in this analysis.
The radiator areas from reference 6 were adjusted to the basis of electrical
power output by assuming a generator efficiency of 0.90 for use in this com-

parison.
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Minimum radiator area is plotted against maximum cycle temperature in
figure 18 for the Split Radiator cycle and the Brayton cycle. Both figures 18
and 19 are based on the ideal analysis for the Split Radiator cycle. On the
basis of equal maximum cycle temperature, a Split Radiator cycle with a
0.3 ratio of actual to Carnot converter efficiency requires about 50 percent
more radiator area than a Brayton cycle. In order for the two cycles to ex-
hibit comparable radiator area requirements, the Split Radiator cycle must
achieve about a 0.5 ratio of actual to Carnot converter efficiency.

Minimum radiator area is plotted against turbine inlet temperature in
figure 19 for the Brayton cycle and for the Split Radiator cycle with con-
verter inlet temperatures of 3000°, 55000, and 4000° R. On the basis of equal
turbine inlet temperature, the Split Radiator cycle with a 0.3 ratio of actual
to Carnot converter efficiency is seen to offer a significant radiator area
reduction when compared to the Brayton cycle. For example, at a turbine inlet
temperature of 2400° R, the indicated radiator area reductions are 33, 55, and
61 percent for converter inlet temperatures of 3000°, 3500°, and 4000° R,
respectively. A reduction in achievable converter efficiency rapidly dis-
sipates the potential savings.

Figure 20 presents the radiator area comparisons that were made on the
basis of the experimentally determined converter efficlencies reported in
references 4 and 5 and shown in figure 4. In addition, the effect of gas-to-
cathode temperature differences is explored parametrically by assuming gas-
to-cathode temperature ratios of 1.0, 1.05, and 1.1 in figures 20(a), (b), and
{c), respectively. Minimm radiator area is plotted against turbine inlet
temperature in these figures for the Split Radiator cycle with several con-
verter inlet temperatures and for the Brayton cycle. On the basis of equal
maximum cycle temperatures (converter inlet for the Split Radiator cycle and
turbine inlet for the Brayton cycle), the Split Radiator cycle requires sig-
nificantly more radiator area than the Brayton cycle. On the basis of equal
turbine inlet temperature, it can be seen from figure 20(a) that, even with
ideal heat transfer between gas and cathode, converter inlet temperatures of
about 3500° R and higher are required if the Split Radiator cycle is to have
any significant radiator area advantage over the Brayton cycle. As the gas-
to-cathode temperature ratio increases (figs. 20(b) and (c)), the radiator area
required for the Split Radiator cycle increases due to a decrease in cathode
temperature and, consequently, in converter efficiency. With a gas-to-cathode
temperature ratio of 1.1, as shown in figure 20(c), a converter inlet tempera-
ture of at least about 4000° R is required if the Split Radiator cycle is to
have any radiator area advantage over a Brayton cycle. With the experimental
converter efficiencies used in this analysis, extremely high converter inlet
temperatures of at least 35000 to 4000° R and, consequently, even higher re-
actor operating temperatures are required if the Split Radiator cyecle is to be
competitive with a turboelectric Brayton cycle on the basis of radiator area.
As thermionic converters improve and achievable efficiencies increase, the
potential of the Split Radiator cycle will increase accordingly.
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SUMMARY OF RESULTS

The radiator area potential of out-of-pile thermionic space power systems
using an inert gas as the heat-transfer medium was assessed by studying the
radiator area characteristics of three typical out-of-pile systems and com-
paring minimum radiator area requirements with those for a turboelectric
Brayton cycle. Three cycles were chosen for preliminary investigation: the
Split Radiator cycle, the Two Loop cycle, and the Turbineless cycle. This
analysis was primarily a thermodynamic cycle analysis, and the only imposed
converter limitation was with respect to efficiency, which was treated both
parametrically and through the use of experimental data. The pertinent re-
sults of this analysis are summarized as follows:

1. The minimum radiator areas for the three out-of-pile thermionic gas
cycles were compared on the basis of equal maximum cycle temperature and, for
those cycles having turbines, also on the basis of equal turbine inlet tem-
perature. No significant differences in radiator area requirements were found
among the three cycles.

2. The radiator area required for the Split Radiator cycle was compared
with that for the Brayton cycle on the basis of a parametric variation in con-
verter efficiency and ideal gas-to-cathode heat transfer in the converter.
With the two cycles operating at the same maximum temperature, the Split Radi-
ator cycle must be able to achieve about a 0.5 ratio of actual to Carnot con-
verter efficiency in order to require the same radiator area as the Brayton
cycle. On the basis of equal turbine inlet temperatures, a Split Radiator
cycle with a 0.3 ratio of actual to Carnot converter efficiency offers a sig-
nificant reduction in radiator area when compared with a Brayton cycle.

3. The radiator area required for the Split Radiator cycle was also com-
pared with that for a Brayton cycle on the basis of experimentally determined
converter efficiencies and a parametric variation in the gas-to-cathode tem-~
perature difference. With the two cycles operating at the same maximum tem-
perature, the Split Radiator cycle requires more radiator area than the Brayton
cycle. On the basis of equal turbine inlet temperatures, converter inlet tem-
peratures greater than 3500° R are required for the Split Radiator cycle if it
is to have any radiator area advantage over the Brayton cycle.

CONCLUDING REMARKS

Radiator area was shown to be extremely sensitive to variations in the
cycle design parameters (converter inlet temperature, converter efficiency,
turbomachinery efficiency, loss pressure ratio, and recuperator effectiveness).
Although the selected design parameters were believed to be reasonable, there
exists sufficient latitude of choice such that the results of any radiator area
comparison can be significantly affected. In addition, the pertinent param-
eters and their significances differ to some extent for the different cycles
studied and compared. All comparisons, therefore, must be viewed in the
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light of the assumed parameter values for each of the cycles being compared.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, May 13, 1964
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APPENDIX A

DERIVATION OF EFFICIENCY, CAPACITY RATE, AND TEMPERATURE
EQUATTONS FOR THE SPLIT RADIATOR CYCLE

Thermionic converter efficiency, in this study, is expressed as the prod-
uct of the ideal efficiency (Carnot) and a parameter (V) representing the ratio
of actual to ideal efficiency

Tep = Vith, i (A1)

Since the anode and cathode temperatures vary along the length of the con-
verter, an average ideal efficiency must be obtained. TIdeal converter output
can be expressed as

exit
3415.0 Py = Ty 5 avs = f Ntn,1 99s (A2a)
inlet

and, consequently,

exlit

1
Teh, 1,8y = g Meh,i Qs (A2b)
inlet

Since any differential element of the converter can be considered as a heat
engine with constant temperature heat addition and rejection, the local ideal
efficiency is merely the Carnot efficiency,

Tc'Ta

¢~ "a_D
“n,i T TT, T,

(A3)

where, in order to simplify the analysis, D 1is assumed constant throughout the
converter. The total and differential amounts of heat supplied to the cathode
are

Q’S = WCP(T:L - Tz) (A48.>
and

dQg = -wep dTg (A4D)

Substituting equations (A3) to (A4b) into equation (A2b), setting dTg = dTe,
and integrating from T. =Ty to T, = Ty yield

__ D il
h,i,av = [ 1in T (A52)
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or, on a temperature ratio basis,

D/T1 Ty

nth)i;av =1 zTZ;Tl) in TE

Fluid specific capacity rate, wcp/P, is obtained by considering the actual
output from the converter, that is

(A5b)

3415.0 P = nthQS = Wﬂth’i’avWCP(Tl - TZ) (A6)

Substitution of equation (ASb) into equation (A6) and rearrangement result in

Wep _ 3415.0
P VT, (D/Ty)In(T; /T,) (A7)

Cycle efficiency is equal to converter output divided by the heat added
to the system, that is,

¥ + aowen (T - To)
M = Nth,i,avWCp\il 2 (ABa)
cy WCP(Tl - Tg)

Cancelling wep and dividing by Ty give

 ¥ngn,,av(l - Te/T1)

ey = T - Ty/T (A8b)

The reactor inlet to converter inlet temperature ratio, Tg/Ty, can be expressed
as a function of the cycle parameters (turbomachinery efficiencies, recuperator
effectiveness, and loss pressure ratio) and two cycle variables. The cycle
variables selected for the expression of T9/Tl are TZ/Tl’ which has already
appeared in several equations, and compressor pressure ratio, Rs. For purposes
of brevity in the following development, Tjk and Py are used to represent
Tj/Tk and pj/pk, respectively. By using this convention, equation (A8b) be-
comes

VMtn,i,avil - To1)
ncy = 1 - To7 (ABC)

Development of the expression for T91’ as well as expressions for the

ratios of other system temperatures to Tp, is given in the same sequence as
would be used for computation in order to facilitate comprehension. Compressor
work can be expressed as

(T7; - Tg)
Mg = wcp(T7 - Tg) = wep ——————

o

(A9a)

Dividing both sides by weyT and using the isentropic state equation
p-6
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T7i6 = P7g
result in
y-1
Tog - 1= = [pg -1 (A9b)

o
Setting pyg = Rg and rearranging equation (A9b) yield

r-1

1 IS
T,g=1+=—= Ry -1 (A9e)

o

A similar consideration for the turbine shows that

1
T43=l-nTl—_ﬁ (A10)

RTY

where, by definition, Rp = DPzy- The compressor and turbine pressure ratios

are related by the loss pressure ratio, which is equal to the product of the
ratio of exit to inlet pressure in all the heat-transfer components. This re-
lation is

Pzq = (Pg7PggP1 9P21 P32P54P65) P76 (Alla)
or
Rp = RrRg (A11b)

Substitution of equation (Allb) into equation (Al0) yields the following ex-
pression: .

1Y
Tyz =1 - np|l - (RgRa) 7 (ar2)
Turbine work equals compressor work, which can be expressed as
Ty - Tz = Tg - Ty (AL13a)

Dividing equation (Al3a) by TG’ recognizing that Tyg = T43T56, and solving
for Tzg give
T7¢g - 1

Ta6 = T - Ty

(A13D)
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and T46 is obtained as

Ty = TazTzg (A14)

The remaining temperature ratios are obtained by considering the two re-
cuperators. The effectiveness of the low temperature recuperator can be ex-

pressed as

Ty - Ts
Eyrm = o0 (A15a)
LT =T, - Tq
Solving equation (Al5a) for Tg and dividing by Tg yield
Tse = Tae - Brr(Teg - T76) (A15D)

A heat balance, with all values divided by T., around the low temperature re-
cuperator results in

Tag = Tug - Tgg + Tyg (AlG)
The effectiveness of the high temperature recuperator is
T - T
2 3
= = (A17a)
g T, - Tg
Dividing by T6 and solving for Top give
T - Byl
36 HT--86
Top = Al7b)
26 1 - Egp (
and a heat balance around the high temperature recuperator results in
Tgg = Tog = Tzg *+ Igg (a18)

A1l temperatures have now been related to Tg; it is, however, desired to
relate them to Ty This is accomplished by using the previously specified
cycle temperature variable T21 as Tollows:

T
21
Too = =22 A19)
le = ‘I‘j6T61 J=3,4, . ., 9 (A20)

Specification of any set of cycle parameters (nT, es Vs Brs Ergs Egps
and Tq) and variables (To/Ty, D/Ty, and Rp), therefore, allows the computa-
tion of converter efficiency, (egs. (A5) and (1)), cycle efficiency

26



(eq. (A8c)), fluid specific capacity rate (eq. (A7)), and all temperatures
around the cycle (egs. (A9) to (A20)).
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APPENDIX B

DERIVATTON OF EFFICIENCY, CAPACITY RATE, AND TEMPERATURE
EQUATTONS FOR THE TWO LOOP CYCLE

For this cycle, as for the Split Radiator cycle, equations (A1) to (A4b)
apply. Substitubting equations (A3) to (A4b) into equation (A2b) and setting
dTg = dT, yield .

Th,i,av = T - T (B1)

Since D is nct constant for this case, equation (Bl) cannot be integrated
until D can be expressed in terms of T,. TFor a differential element of con-
verter, the heat supplied by the hot loop (loop I) gas is only partially con-
verted to electricity with the remainder being added to the cold loop (loop IT)

gas. Therefore,

wrep ATy = (1 - myy)wpey dT, (B2)

Substituting equations (Al) and (A3) into equation (B2) and letting
dTy = dT, - 4D
result in

WIT ch - VT dD = (l -V %)WI ch (BSa)

Rearranging equation (B3a) gives

an T wT D
= + — ¥ = B3b
dT, wir  vrr Te (B3D)

This is a first-order differential equation that can be solved by any standard
textbook method. Using the boundary condition D = Dy when T, = T; results
in the solution

VT
1-¥
1 W W Dl é- W <Ti> WIT
D WT wit T w11/ | \Tc
= = - (B4)
Te Wi .
1 -y —
WIT
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Substituting equation (B4) into equation (Bl), performing the indicated inte-
gration, and dividing by Tl yield

jed

vy
T
Y11 vz T V1T T/

Yh,iav = w. ' W wp\/ T (B5)
I 1-y— —\1 - -2
. 1-%— W W T
Fluid specific capacity rate must be obtained for both loops in this
cycle. TFor the hot loop, equation (A6) applies, except that for this case
W o= Wp. Consequently, rearrangement of equation (A6) gives
Y1% 3415.0
5 = : T (B6)
VNth,1,avil (1 - T—l)
The f£luid specific capacity rate for the cold loop can be expressed as
. WICp
W -
IIp ___ P (B7)
P WI
Y11

The ratio wp/wrp, which appears in both equations (B5) and (B7), is not an
independent variable but can be calculated as will be shown later.

Cycle efficiency can be expressed as

Ve, av(t - T2/T1)
oy = 1 mm

(B8)

which is the same as equation (ASb) except that Mh.i.gy 5 here evaluated
2=

from equation (BS). As in appendix A, T9/Tl will be expressed in terms of

the cycle parameters and variables. TFor this cycle, the selected variables
are Tz/Tl: Dl/Tl, and. RC,II‘ The previously used convention for expressing

temperature and pressure ratios is here again used.
Compressor work for loop I can be expressed as

(Tg; - Tp)
o, T

Dividing both sides by WIcpTZ and using the isentropic state equation

AhC,I = wicp(Tg - To) = wrCy (B9a)
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T-1

T
To12 = Pgs

yield

r-1
'S
Pgo -1 (B9D)

T92=l+

2

The loss pressure ratio for loop I is equal to the reciprocal of the compressor
pressure ratio, that is,
1

R, T = P1gP21 = P29 = Ton (B10)

Substituting equation (B1O) into equation (B9b) and setting

To1
e = Ty

result in
1-r

T
Rr,1 - 1 (B11)

Tgp = Top |1 +

2

For loop IT, certain of the compressor and turbine considerations are similar
to those for the Split Radiator cycle, so that, with a minor change in nomen-
clature, equations (A9a) to (Al2) can be applied with the exception that

BL,II = Pg7PzgP54Pg5 (B12)

The pertinent relations, equations (A9c) and (Al2), as would be applied to
loop IT of this cycle, are

-1
0
Rg,r7 - 1 (B13)

T = 1 +
76 e, 1T

and
1-r

T

Tgz =1 - npfl - (RL,IIRC,II) (B14)

The ratios of turbine inlet and exit temperatures to Ty are evaluated as
follows:
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D
1
Tz =1 _.Ei (B15)

Ty1 = TyzTzn (B16)

The work done by the turbine must egqual the work required for the two com-
pressors, therefore,

wp(Tg - Tp) + wpp(T; - Tg) = wpp(T3 - Ty) (B17a)

Dividing equation (Bl7a) by Ty, recognizing that Ty = T;5Tg7, and solving
for TGl yi eld

w
I
Ts1 - Tay - o (T - Tzn)
Trq = . : (B17b)
61 T7g - 1
Ir WI/WII were known, Tgy could be evaluated and Ty obtained from
T71 = T7eT61 (B18)

Consideration of the heat exchangers leads to the evaluation of WI/WII

as well as the remaining temperature ratios. The effectiveness of the recu-
perator can be expressed as

E = Tg - T7 (B19a)
Ty - T7
Dividing by T; and solving for Tgp result in
Tgy = ETyy + (l - E)T7l (Bl9b)
Substitution of equations (B17b) and (Bl8) into equation (B1l9b) gives
VI
Tz - Tl - o (To1 - T21)
Tg1 = ETyq + (1 - E)Tyq T - 1 (B20)

Another equation for Tgp in terms of WI/WII can be obtained by evaluating

equation (B4) at the cold end of the heat exchanger where D = Ty - Tg and
To = To. Making this substitution and solving equation (B4) for Tgp yield

Wy [ wp Dy ( wr )] \lr%-l
1- = fi-—+=_21-y =)@
wIT itz Ty Ve (1) (B21)

Tg1 = Tz14t -
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Simultaneous solution of equations (B20) and (B21l) gives unique values for
Tgy and wp/wppe With wp/wpp known, Tgq and T;y are evaluated from
equations (BL7b) and (B18), respectively. A heat balance around the recuper-
ator yields Ts3

Ts1 = Ty1 - Tgy + Ta1 (B22)

Specification of any set of cycle parameters (nT, e 12 o, 112 v, RL,IJ RL,II’
J
E, and Ty) and variables (Tp/Ty, Di/Ty, and Rg TT), therefore, allows the

computation of converter efficiency (egs. (B5) and (Al)), cycle efficiency
(eq. (B8)), fluid specific capacity rate for both loops (egs. (B8) and (B7)),
and all temperatures around the cycle (egs. (B9) to (B22)).
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APPENDIX C

DERIVATION OF EFFICIENCY, CAPACITY RATE, AND TEMPERATURE
EQUATTONS FOR THE TURBINELESS CYCLE

The converter efficiency characteristics for this cycle are similar to
those for the Split Radiator cycle, and equations (Al) to (ASb) also apply to
this cycle. As stated by equation (A5b),

D/ Ty

. =———-— 1n — Cl

Fluid specific capacity rate is obtained by considering the net output from the
converter since a portion of the total output is recycled to the compressor
motor. Therefore,

3415.0 Py = W“th,i,avwcp(Tl - Tp) - wep(Ty - Tp)/ny (c2)
Substitution of equation (Cl) into equation (C2) and rearrangement yield

WCp 3415.0

P,  VI1(D/Ty) In (T1/Tp) - To(Ts/Ty - To/T1)/ng (ce)

Cycle efficiency is equal to the converter net output divided by system
heat input or

Wﬂth,i’avwcp(Tl - Tp) - wep(Ts - To) /T

- (c4a)

ey wep(Tp = Ts)

Cancelling Wep and dividing by Ty result in
CVn,i,av(T - T/Ty) - (Ts/Ty - To/T) /ny (04p)

ey = 1 - TL/7

For this cycle, only TB/Tl remains to be evaluated.
Compressor work can be expressed as
(Tz; - Tp)
OLhy = wcP(T5 -Ty) = wey, ————— (c5a)
e

Dividing both sides of equation (C5a) by wcpT2 and using the isentropic state
equation
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T-1

T
Tzi2 = P32
give
r-1
- 1 T
Typ = 1 + ﬁc— <p52 - 1) (C5b)

The loss pressure ratio is equal to the reciprocal of the compressor pressure
ratio

1
Rr, = P21P13 = Pz = 5~ (ce)
P32
Substituting equation (C6) into equation (C5b) and letting Tzs = ‘I‘31/T21
yield

i-r
1 T

Specification of any set of cycle parameters (nC, N v, RL, and Tl) and
variables (Tp/Ty and D/Ty) now allows the computation of converter effi-
ciency (egs. (Cl) and (Al)}, cycle efficiency (eq. (C4b)), fluid specific
capacity rate (eq. (C3)), and all temperatures around the cycle (eq. (C7)).
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